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INTRODUCTION 

The s tudy of char  r e a c  i v i  ies is fundamental t o  t h e  des ign  
and performance eva lua t ion  of g a s i f i e r s  f o r  c o a l  g a s i f i c a t i o n .  This  
i n v e s t i g a t i o n  was undertaken i n  connect ion wi th  t h e  development of t h e  
Westinghouse coa l  g a s i f i c a t i o n  process .  The o b j e c t i v e  of t h e  s tudy 
was t o  determine t h e  r e a c t i v i t i e s  of s e v e r a l  c h a r s  and t o  examine t h e  
r e l a t i o n s h i p  between t h e  r e a c t i v i t i e s  and t h e  pore s u r f a c e  a r e a s  o r  
mean pore diameters .  I f  char  r e a c t i v i t i e s  can be predic ted  from pore 
s u r f a c e  a r e a  or  pore mean diameter ,  char  c h a r a c t e r i z a t i o n  becomes 
s impler .  This  method can then be used as a screening  technique t o  
a s s e s s  the  performance of g a s i f i e r s .  

A d e t a i l e d  experimental  i n v e s t i g a t i o n  on t h e  r a t e  of carbon- 
steam (C-HzO) and carbon-carbon d ioxide  (C-CO2) r e a c t i o n s  wi th  coke 
breeze was repor ted  by Kat ta  and Keairns  (1 ) .  
were used t o  p r e d i c t  g a s i f i c a t i o n  r a t e s  i n  s e v e r a l  p i l o t  p l a n t  tests by 
means of a g a s i f i c a t i o n  model. 

The r e a c t i v i t i e s  of chars  

The r e a c t i v i t y  of carbonaceous m a t e r i a l  i n  a H 2 0  o r  C02 
atmosphere depends on t h e  rank of c o a l ,  t h e  rate of hea t ing ,  and t h e  
hea t  t reatment  temperature ,  a l l  of which i n f l u e n c e  t h e  pore c h a r a c t e r i s -  
tics. The pore s t r u c t u r e  and t h e  chemical n a t u r e  of t h e  char  c o n t r o l  
t h e  r e a c t i v i t y  i n  a H 2 0 ,  C02, o r  oxygen atmosphere. The r e a c t i v i t y  of 
a m a t e r i a l  may no t  be t h e  same i n  a l l  t h e s e  atmospheres s i n c e  t h e  mineral  
content  in f luences  each of t h e s e  r e a c t i o n s  t o  a d i f f e r e n t  e x t e n t  and t h e  
same pores  a r e  n o t  involved i n  t h e s e  r e a c t i o n s .  
l i t e r a t u r e  i n d i c a t e s  t h a t  a l i m i t e d  understanding has  been gained on t h e  
inf luence  of d i f f e r e n t  parameters on t h e  r e a c t i v i t i e s  of c h a r s .  

Information from t h e  

I n  any c o a l  g a s i f i c a t i o n  process  much of t h e  carbon conversion 
takes  place through a C-H20 r e a c t i o n .  Hence, i t  is important  t o  e s t a b l i s h  
char  r e a c t i v i t i e s  i n  a steam atmosphere r a t h e r  than i n  o t h e r  atmospheres. 
A study of char  r e a c t i v i t i e s  in  t h e  atmospheres of H 2 0 ,  C02, oxygen, and 
hydrogen is  important f o r  a fundamental understanding of char  behavior.  

Jenkins  e t  a l . ( 2 )  s tud ied  t h e  r e a c t i v i t i e s  of v a r i o u s  chars  i n  
a i r  a t  500°C a s  a f u n c t i o n  of h e a t  t reatment  temperature,  mineral  conten t ,  
and pore s t r u c t u r e .  
t h e  h e a t  t reatment  temperature  was increased ,  and t h a t  t h e  magnitude of 
t h e  e f f e c t  depended on t h e  t y p e  of c h a r .  They observed, a l s o ,  t h a t  t h e  

They found t h a t  t h e  c h a r s  became l e s s  r e a c t i v e  as 
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l e v e l  of t r a n s i t i o n a l  p o r o s i t y  (es t imated  from n i t rogen  adso rp t ion )  
inc reases  t h e  r e a c t i v i t y  markedly since t h e  a b i l i t y  of a gaseous 
reactant t o  r each  t h e  s u r f a c e  a r e a  i n  t h e  micropores i s  enhanced. They 
concluded t h a t  t h e  r e a c t i v i t y  of c h a r s  prepared  a t  t h e  same temperature 
and hea t ing  r a t e  is predominantly in f luenced  by mineral matter and t h e  
rank  of t h e  pa ren t  coal.  

The r e a c t i v i t i e s  of s e v e r a l  cha r s  i n  a C 0 2  atmosphere and t h e  
changes i n  pore s t r u c t u r e  w i t h  carbon convers ion  were i n v e s t i g a t e d  by 
Dutta et a L  ( 3 ) .  They found t h a t  almost t h e  e n t i r e  s u r f a c e  a r e a  of 
cha r s  seemed t o  be  due  t o  micropores smaller than  0.01 t o  0.02 um i n  
diameter.  They concluded t h a t  t h e  r e a c t i v i t i e s  w e r e  almost p ropor t iona l  
t o  t h e  su r face  a r e a s  occupied by po res  above about  0.003 um i n  diameter,  
sugges t ing  t h a t  smaller pores  are i n a c c e s s i b l e  t o  gaseous r e a c t a n t .  
They der ived  a rate equa t ion  wi th  a parameter t h a t  r e p r e s e n t s  t h e  change 
i n  a v a i l a b l e  pore s u r f a c e  a r e a  wi th  carbon convers ion .  

Johnson ( 4 )  conducted a comprehensive s tudy  on  t h e  e f f e c t s  of 
phys i ca l  and  chemical p r o p e r t i e s  of c h a r s  on t h e i r  r e a c t i v i t i e s .  He 
concluded t h a t  t h e  g a s i f i c a t i o n  of c h a r s  w i th  hydrogen and steam- 
hydrogen (H~O-HZ) mix tu res  occurs  p r imar i ly  on t h e  su r face  wi th in  micro- 
pores  which were de f ined  a s  less than  5.5 nm i n  d iameter .  

EXPERIMENTAL WORK 

The react ivi t ies  of va r ious  cha r s  were determined a t  a 
temperature of 927°C and a p res su re  of 1 0  atmospheres i n  a steam- 
hydrogen-nitrogen (H20-Hz-N-J atmosphere. Experiments w e r e  conducted 
i n  a r e a c t o r  of 3 .5  c m  i d  and 30.5 cm he igh t  which was hea ted  e x t e r n a l l y  
by a n  e l e c t r i c  fu rnace .  
s i z e  w a s  p laced  on t h e  d i s t r i b u t o r  and f l u i d i z e d  by t h e  gaseous mixture.  
Gas samples were taken  f o r  d i f f e r e n t  i n l e t  g a s  compositions,  and t h e  
r e a c t i o n  ra te  w a s  determined from t h e  product  gas  composition and t h e  
e s t i m a t e d  amount of carbon p resen t  i n  t h e  bed a t  the time t h e  sample 
w a s  taken. A t  t h e  end o f  t h e  t es t ,  t h e  bed m a t e r i a l  was weighed and 
t h e  product gas  l i n e  f lu shed  t o  c o l l e c t  f i n e s .  The amount of f i n e s  
c o l l e c t e d  i n  any run  was very  s m a l l .  A d e t a i l e d  d e s c r i p t i o n  of t h e  
appara tus  and t h e  exper imenta l  procedure are g iven  i n  r e fe rence  (1). 
The r e a c t i o n  d a t a  w e r e  analyzed on t h e  b a s i s  of t h e  rate equat ion  de- 
r ived  from Ergun's model (5 ) .  

CHAR PREPARATION 

A sample of about 35 g of char of -1.0 + 0.25 mm 

Renton, Minnehaha, and Montour cha r s  were prepared i n  t h e  
Westinghouse process  development u n i t .  
were obta ined  from FMC Corporation and Synthane c h a r  from t h e  Synthane 
p i l o t  p l a n t .  

Western Kentucky and Utah cha r s  
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SURFACE AREA MEASUREMENT 

We degassed t h e  char  samples a t  110°C f o r  about fou r  hours  
p r i o r  t o  measuring t h e i r  s u r f a c e  a r e a s ,  us ing  carbon d iox ide  as t h e  
adsorba te  a t  298 K on a micromer i t ics  Model 2100 su r face  a r e a  ana lyze r .  
An e q u i l i b r a t i o n  t i m e  of  about 30 minutes w a s  allowed f o r  eacb adso rp t ion  
po in t .  The molecular area of C02 a t  298 K was taken  as 25.3 A2.  

The Dubinin-Polanyi equat ion  (D-P equat ion)  w a s  used f o r  t h e  
eva lua t ion  of su r face  a r e a s  of cha r s  and i s  g iven  below: 

2 l o g  V = log  Vo - D log  (Po/P2) 

A p l o t  of l o g  Va ve r sus  log2  (Po/P2) y i e l d s  t h e  v a l u e  of l o g  VO from 
which t h e  s p e c i f i c  su r face  area of t h e  sample can b e  c a l c u l a t e d  A 
va lue  of 63.5 a t m  was used f o r  t h e  s a t u r a t i o n  vapor p re s su re  o f  C02 a t  
298 K. 

PORE VOLUME MEASUREMENT 

Measurements on pore  volume were made wi th  a Micromer i t ics  
mercury pene t r a t ion  porosimeter Model 910 series. P res su res  up t o  
17,000 p s i  were used i n  t h e s e  measurements t o  cover a pore  d iameter  
range of 100 t o  0.0104 um. 

RESULTS AND DISCUSSION 

The fo l lowing  rate equat ion  f o r  t h e  coke breeze-Hz0 r e a c t i o n  
had been obtained i n  a previous  s tudy  (1) :  

where 1-2, k2,  and K2 are t h e  r e a c t i o n  r a t e  pe r  u n i t  mass, rnin-l, t h e  
r e a c t i o n  cons t an t ,  and t h e  equ i l ib r ium cons tan t ,  r e spec t ive ly .  
K2 are  g iven  by 

k2 and 

k2 = 4.85 x l o 6  - exp (-48,2OO/RT) (3)  

K2 = 2.25 x lo6 - exp (-42,6OO/RT) ( 4 )  

where T i s  t h e  a b s o l u t e  temperature i n  K. The ra te  d a t a  were p l o t t e d  
wi th  P H ~ / P H ~ o  ve r sus  t h e  i n v e r s e  r e a c t i o n  ra te  t o  ob ta in  t h e  r e a c t i o n  
rate parameters.  
t h e  va lues  of K2 and l / k 2 ,  r e s p e c t i v e l y .  Resu l t s  f o r  Renton, Minnehaha, 
FMC Western Kentucky, Synthane, Montour, and Utah cha r s  are shown i n  
F igures  1 t o  6 .  The i n i t i a l  r e l a t i v e  r e a c t i v i t i e s  of va r ious  c h a r s  w i t h  
r e fe rence  to coke breeze  are g iven  i n  Table 1. 

The i n t e r c e p t s  on t h e  o r d i n a t e  and t h e  a b s c i s s a  g i v e  
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Table 1 

RELATIVE REACTIVITIES OF CHARS 

Rate Cons tan t ,  I n i t i a l  R e l a t i v e  Surface Area Mean Pore 
- Char k7, m i n - 1  R e a c t i v i t y  by c07 Adsorption D i a m e t e r , p m  

Coke Breeze 0.008 1.00 13.9 0.196 

Minnehaha 0.08 9.88 85.2 0.066 

Renton 0.02 2.47 199.8 0.033 

Utah 0.081 10.13 126.8 0.036 

FMC 
Western 0.095 11.73 117.9 0.041 
Kentucky 

Synthane* 0.08 10.67 63.2 0.068 

Montour 0.0195 2.44 23.3 0.161 

*React iv i ty  e v a l u a t e d  a t  32 percent  carbon conversion.  

The i n i t i a l  r e l a t i v e  react ivi t ies  of t h e  chars  were p l o t t e d  
v e r s u s  t h e  pore s u r f a c e  areas determined by C02 adsorp t ion  and i n t e r -  
p re ted  by Dubinin-Polanyi equat ion  i n  F igure  7. I f  the  d a t a  on Renton 
char  i s  excluded, a c o r r e l a t i o n  of t h e s e  two v a r i a b l e s  can b e  obtained.  
In t h e  absence of r e a c t i v i t y  d a t a ,  t h e  r e l a t i v e  r e a c t i v i t y  can b e  
est imated from C02 s u r f a c e  areas. T h i s  method, however, w i l l  probably 
be u n c e r t a i n  f o r  some materials whose s u r f a c e  area develops pr imar i ly  
a f t e r  s i g n i f i c a n t  conversion.  Work on a d d i t i o n a l  chars  i s  recommended 
i n  order  t o  improve t h e  r e l i a b i l i t y  of t h e  method and t o  e s t a b l i s h  
l i m i t a t i o n s .  

- The mean pore  diameter  of c h a r s  is  c a l c u l a t e d  from t h e  r e l a t i o n  
D = 4 V / S c o 2 ,  where V i s  t h e  pore volume as measured by means of mercury 
porosimeter  and Sco2 i s  t h e  s u r f a c e  area as measured from C02 adsorp t ion .  
The r e l a t i v e  c h a r  r e a c t i v i t i e s  were p l o t t e d  v e r s u s  t h e  mean pore diameter 
i n  F igure  8. 
a f t e r  excluding t h e  d a t a  on Renton char .  Use of t h i s  c o r r e l a t i o n  
r e q u i r e s  t h e  measurement of s u r f a c e  a r e a  and pore volume. F i g u r e s  7 
and 8 i n d i c a t e  t h a t  more r e a c t i v e  c h a r s  have g r e a t e r  s u r f a c e  a r e a s  and 
smaller mean pore  d iameters  than  o t h e r s ,  as would be expected. 

A l i n e a r  c o r r e l a t i o n  was obtained by a r e g r e s s i o n  a n a l y s i s  
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SUMMARY 

Rela t ive  react ivi t ies  of cha r s  i n  a H20-N2-H2 atmosphere were 
measured i n  a l a b o r a t o r y  f l u i d i z e d  bed. 
b a s i s  of Ergun's r a t e  equat ion ,  and t h e  r e l a t i v e  r e a c t i v i t i e s  were 
ca l cu la t ed  wi th  r e fe rence  t o  coke breeze .  Sur face  areas of c h a r s  were 
obtained by means of C02 adso rp t ion ,  and pore  volumes were measured by 
means of mercury p e n e t r a t i o n  porosimetry.  
f i e d  between t h e  r e l a t i v e  r e a c t i v i t y  ve r sus  t h e  s u r f a c e  areas and t h e  
mean pore diameter f o r  t h e  l i m i t e d  number of c h a r s  i n v e s t i g a t e d  i n  t h e  
p re sen t  s tudy .  Add i t iona l  s t u d i e s  should b e  conducted t o  e s t a b l i s h  t h e  
range of v a l i d i t y  wi th  a d d i t i o n a l  c h a r s  and drawbacks of t h i s  approach. 

Resu l t s  were analyzed on t h e  

A c o r r e l a t i o n  can b e  i d e n t i -  
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NOMENCLATURE 

D 

D 

k 

- 

2 

K2 

sco* 
T 

V 

"a 

V 

x 

a cons t an t  

mean pore  diameter of cha r s  

rate cons t an t  of carbon-steam r e a c t i o n ,  min as def ined  
by Ergun's ra te  equat ion  

equi l ibr ium cons tan t  of carbon-steam r e a c t i o n  as def ined  
by Ergun's theory  

p a r t i a l  p re s su res  o f  hydrogen and steam, r e s p e c t i v e l y  

s a t u r a t i o n  vapor p re s su re  of adso rba te  a t  adso rp t ion  
temperature 

i n i t i a l  rate per  u n i t  m a s s  of carbon-steam r e a c t i o n ,  
(corresponds t o  a carbon convers ion  of ze ro )  min-1 

s u r f a c e  area of cha r s  measured by C 0 2  a d s o r p t i o n  

abso lu te  temperature of char  bed, K 

pore  volume, cm31g 

amount of  C02 adsorbed a t  equ i l ib r ium p r e s s u r e  p 

micropore capac i ty  

f r a c t i o n a l  carbon convers ion  

-1 

2 
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Figure 1 - Renton char -steam reaction 
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Figure 2 - Minnehaha char -steam reaction 

25 



0. 

Curve €9401 1 4  

0.7 0 

0.6 - 

0.5 - 

zw 0.4 - 
.e F M C  Western 

Kentucky Char 
Temp. = Ql0C 

I I I I I b I 
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.5 

Inverse Reaction Rate x IO-', min 

Figure 3- FMC western Kentucky char - steam reaction 
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Figure 4-  Synthane char - steam reaction 
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Figure 5 - Monlour char - steam reaction 
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Figure 6- Wah char - steam reaction 
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Figure 8 - Relat ionship between reactivity and mean pore diameter 
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Figure 7 - Relationship bdween reactivttyand surfacearea of chars 


